INTRODUCTION
High recording density with the home-use digital VCRs requires the use of narrow tracks, short recording wavelength, and thin magnetic tapes. Knowledge of Young's modulus of the tape is essential for the precise positioning of the tape on the rotating drums and then a stable tape-to-head interface. The magnetic tapes usually show different Young's moduli for the machine direction (MD) and the transverse direction (TD) [1] . The anisotropy develops mainly in the base film of polyethylene terephthalate (PET) through the partial crystallization and the crystallite orientation alignment during the stretching process on the tapes [2] , while the original PET sheet, from which the tapes are cut, shows much less anisotropy. This situation requires the determination of Young's moduli for both MD and TD of the tape. The tapes on play are straightened by tensile loads, which should be controlled with Young's modulus for the MD. Too much load may distort the recorded tracks or damage the tape. Besides, the vertical load is applied onto both edges of the running tape by the guiding rollers. Again, too much load may induce the tape buckling. Critical load is proportional to the Young's modulus in the TD. Large moduli are desirable for both directions.
Conventional tensile test is available only along the MD. In the this study, we investigate the use of symmetric Lamb wave (So mode) for the nondestructive evaluation of Young's modulus of the metal evaporated (ME) tapes, 8 mm wide and 11 fim thick. The sample tapes are immersed in a coupling fluid. A line-focusing piezopolymer transducer excites and detects the ultrasonic signals from the tapes. After the signal processing, we obtain the propagation velocities and calculate the (dynamic) Young's modulus for each of MD and TD. The tensile test is conducted for the MD loading and the result is compared with the ultrasonic measurement. Direct contact of piezoelectric transducer is the basic way of having an acoustic coupling to the tape [1] . Laser-ultrasonic apparatus [3, 4] , airborne transducers [5, 6] , and their combination [7] are other possible techniques to make use of the So mode with thin free-standing films. These are attractive for the truly noncontact nature. The present immersion technique implemented with the piezopolymer transducer is superior to the existing ones with respect to the spatial resolution (or ability of localized measurements) and the attained accuracy in the time-of-flight measurements, from which Young's modulus is calculated. Compact and inexpensive instrument and the easy handling are other advantages of the technique.
DISPERSION RELATION OF LEAKY IAMB WAVE
The fundamental symmetric Lamb wave, or So mode [8] , at a low frequency is chosen as the probing medium. This particular mode of elastic wave generates the longitudinal strain in the propagation direction, which is uniform across the thickness. This feature establishes a similar deformation field to that in the tensile testing and the corresponding elastic modulus results even with the multilayered structure of the tape (Fig. 1) .
We first consider a homogeneous isotropic sheet in contact with an ideal fluid on both surfaces to see the velocity shift due to the dispersion effect and the fluid loading. The (phase) velocity, V, is a solution to the dispersion relation in terms of longitudinal and shear wave velocities, V L and Vn the fluid acoustic wave velocity, V LO ' the fluid/ solid density ratio po/p, and the sheet thickness H [9] ;
where k is the wavenumber (='brf/V, f: frequency), a=(1-V2NL2)112, P=(1_V 2 N/)112, and ao=(I-V 2 N L0 2 )112. When the wavelength is much larger than H as in the present experiment, kH is very small and we can expand Equation (1) with respect to small kH. Within the second-order approximation, V is explicitly expressed from the real part by (2) The velocity V approaches V uM =2V rl,1-V /N L2)112 at the low-frequency limit; G is a constant containing a, p, ao, and po/po This means that the small but finite thickness/wavelength ratio and the fluid loading induce the frequency dependence of V to the order of (kH/. The imaginary part indicates the attenuation proportional to kHpo/p, showing the larger influence of fluid contact in leaking the energy into it than in perturbing the velocity. The vertical displacement at the interface transmits the vibration into the surrounding fluid and generates an acoustic wave field while traveling along the immersed sheet. This coupled elastic wave mode is then called leaky Lamb wave. In the measurements, we receive a part of the acoustic wave thus radiated.
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We substitute in Equation (2) the values for polyethylene terephthalate (PET) which occupies more than 90 % of the tape thickness and those of methyl alcohol used as the couplant. The velocity decrease is estimated to be 0.16 % from VUM at the transducer's center frequency of 15 MHz (kH=0.23). This is the combined effect of the geometrical softening accompanying the lateral displacement (-0.21 %) and the stiffening by the mechanical loading of the couplant (+0.05 %). Within the required accuracy of Young's modulus measurement, 0(10-2 ), we can approximate as V",V UM ' Young's modulus E is then calculated with Poisson's ratio v using (3) ANISOTROPIC YOUNG'S MODULUS When the sheet possesses an orthorhombic elastic anisotropy, the modulus-velocity relation takes a different form. Designating the coordinates 0-X I X 2 X 3 (XI: MD, x 2 : TD, X3: normal to the sheet plane), we express the elastic moduli as Cl=CjJ in Voigt's twosubscript notation. Young's modulus in MD, E MD , is the ratio of the uniaxial stress all applied to MD and the strain ell in that direction, which is given by (4) Similarly, ETD becomes (5) Six independent components of Cjj are then required for the rigorous determination of EMD and ETD. This is impractical and we seek an approximate procedure.
Using the solution to the equation of motion containing Cjj together with the stressfree boundary conditions at the free surfaces, we have the limiting velocities in the principal directions [10] ; (6) From Equations (4), (5), and (6), we find that the ratio of squared velocities equals the ratio of Young's moduli; (7) This indicates that the factor (1-v 2 ) in Equation (3) for the isotropic case is common to the in-plane principal axes of the anisotropy. Consequently, the modulus ratio is exactly evaluated with our ultrasonic technique, whereas a certain ambiguity remains in the absolute values of moduli depending on the assumption of p and v for Equation (3).
EXPERIMENTAL PROCEDURE
The experimental setup consists of a pulscr/receiver, a computer loaded by an 8-bit ND converter and an FFT board, the line-focusing transducer, a couplant tank, and a stage for the vertical stepping of focal depth. A tape sample, cut out from the roll to several centimeter long, is suspended flat in the couplant and perpendicular to the vertical axis. A pair of clips are attached on the sample, about 10 mm apart, to minimize the
The transducer contains at the front face a thin film of vinylidene fluoridetrifluoroethylene copolymer, P(VDF-TrFE) [11, 12] , which is bent to a concave cylindrical shape and backed by an acrylic resin. The radius of curvature is 5 mm, the aperture angle is 90° , and the length is 8 mm. Being driven by a square electrical impulse, the transducer launches a line-focusing acoustic wave into the couplant. Before arriving at the focal line, the acoustic wave strikes the sample with the incident angle ranging from o to 45° on each side. A particular ray satisfying sine= V u/V is mode-converted to the leaky Lamb wave, which propagates along BC in Fig.2 and reradiates the ultrasound with the wave front inclined by the angle e from the tape surfaces. The ray that traces the symmetric path of ABCD and the specularly reflected ray along EO'E make the dominant contribution to the received signals. Other rays also return to the transducer, but they are almost rejected owing to the selective sensitivity to the normal incidence of the piezopolymer film. We use methyl alcohol as the coupling fluid so as to give e <45° .
The signals from the tape are acquired while the transducer is manually moved toward the sample. Sampling rate is 800 MHz and the signal averaging over 512 repetitions is performed. The focal depth Z is changed from 0 to 2.8 mm at every 0.1 mm. The velocity V is reduced from the slope of the ~L-~t relation, where ~L is the change in the path length along the tape and M the change in the transit time there. We have used three methods, direct timing, spectrum, and cepstrum methods, to measure ~ t as exemplified in Fig.3 for two focal depths. In the time traces, the larger signals received earlier are the specular reflections; the smaller ones following are the leaky Lamb waves. The significant damping of the leaky mode is observed.
SIGNAL PROCESSING METHODS
In the direct timing method, we refer to the zero-crossing point just after the maximum peak in the leaky mode signal and detect the arrival time change, ~ T, while stepping Z. Compensation for the time-of-flight change in the couplant yields ~L=2~Ztane and ~t=~T+2~ZI(VLOcose)
VLO was measured to 1.13 km/s using the reflection signals for changing ~Z. The above equations contains the critical angle e, which depends on unknown V. An iteration procedure solves this problem with a suitable initial guess. The direct timing method, however, has some drawbacks. It is vulnerable to the noise included, since the method uses a small portion of the received signal. To avoid the overlapping of the two signals, Z should be increased but this operation makes the leaky mode signal even weaker, decreasing the SIN ratio.
Spectrum and cepstrum methods, on the other hand, make full use the composed, often overlapped, signals and measure the arrival time difference between the leaky Lamb wave and specularly reflected acoustic wave. Assume that the time signal x(t) is composed of two similar waves, that is, where a is the amplitude ratio, <I> the phase lag, and r the delay time to be measured. With the power spectrum F,( c..» for set) alone, the Fourier transform yields the power spectrum of x(t) as 
that is, F.( c..» varies periodically around F,( c..». Such a spectral modulation is produced through the phase interrelation between the two signals. When T is an integer multiple of the period at a frequency, the components at this frequency are received with the same phase, causing a constructive interference and the maximum spectrum. The destructive interference occurs for frequencies where the phases differ by n. The inverse of the repetition rate, obtainable by reading the minimum frequencies, gives T, which needs to be corrected for the time elapsed by the passage through the couplant by 11 t= 11 r-2( 11 ZN U))(I-lIcose)
A more convenient measurement of T is available with the power cepstrum method [13, 14] , which is carried out by taking the logarithm of Equation (10), subtracting 10gF.( c..» using a reference spectrum, and calculating the power spectrum of the resultant function. The power cepstrum thus calculated displays a series of peaks with the amplitudes 2a"ln at equally spaced quefrencies nT (n: integer). The maximum peak of n=1
indicates the arrival time difference T. In Fig.3 , we observe a stationary cepstrum peak at the quefrency of 0.033 flS. This is an artifact produced by the inevitable difference of F.( c..» contained in the received and reference signals. This quefrency corresponds to the inverse of the spectrum width used in the cepstrum calculation (30 MHz). But this false peak causes no difficulty, since it is far separated from the target peaks in the quefrency domain.
RESULTS AND CONCLUSION
We have measured two commercial VCR magnetic tapes, labeled Sand T, of different manufacturers. Two samples behave similarly. The measured I1L-l1t relations for sample S are shown in: Fig. 4 . There is a reasonable agreement among three methods for both MD and TD. The velocity V was larger for the TD propagation than MD so that the critical angle e was smaller in TD and the range of variable 11 L became narrower. A least square fitting procedure calculates the slope, that is, the velocity V. Substitution of V in Equation (3) then gives Young's modulus E. We used the plausible values of p=1.4 x 10 3 kg/m 3 as provided by the manufacturer and v=0.322 for the PET base films [15] . The results are summarized in Table 1 . The measurement revealed a strong anisotropy and the Young's modulus takes approximately 1.5 times larger value in the transverse direction than in the machine direction.
The tensile tests were made by hanging a I-m long sample tape with a water cup at the lower end. The displacement was optically monitored, which showed a slight deviation from the linear dependence on the applied weight. The response up to 30 MPa was fit to the quadratic curve whose slope at zero stress provided the (static) measurement of Young's modulus. It is also included in Table I and shows severnl percent smaller value than the ultrasonic measurements. This discrepancy comes from the viscoelastic property of the tape material.
We have demonstrated an immersion-type ultrasonic method for Young's modulus Figure 4 . Measurements of I1L-l1t relation, from which the velocity V and Young's modulus E can be reduced (sample S, MD and TO). evaluation of metal evaporated magnetic tapes. It is capable of determining the elastic anisotropy in a small area of the tape in the order of mm 2 • Among the three equivalent methods of signal processing, the cepstrum method is most convenient to use and is compatible with an automatic measurement of Young's modulus. All these methods are available when the dispersion effect is absent or approximated to be negligible.
The proposed technique is equally applicable for testing the similar free-standing thin films. Measurements on samples of small dimensions and a pointwise mapping over a large area are within its capacity. Working with a thick sample instead of films, the technique will in principle bring out the velocity in leaky Rayleigh wave, the velocity in the surface-skimming longitudinal wave [12] , or both of them, depending on the configuration including the aperture angle of the transducer. Suitable coupling fluid has to be used in either case, which will not damage or deteriorate the sample and the transducer, and has an enough low velocity as well as an acceptable damping character. It should be noted that the measurement needs to be complemented by assuming unavailable constants, that is, the density and Poisson's ratio in the present case.
